31 Tel: 46 (0)90 786 8367 32 Fax: 46 (0)90-786 8165 33 34 Short Title: XTH4 and XTH9 affect secondary xylem differentiation 35 36 One sentence summary: XTH4 and XTH9 positively regulate xylem cell expansion and fiber 37 intrusive tip growth, and their deficiency alters secondary wall formation via cell wall 38 integrity sensing mechanisms. 39 40 AUTHOR CONTRIBUTION 41 SK analyzed cell wall composition, mutant growth, and gene expression, and wrote the 42 manuscript; AB analyzed hypocotyl phenotypes and xylem cell morphology in mutants, 43 discovered secondary wall phenotypes, and carried immunolocalization, NN isolated and 44 purified mutants and created OE plants, MDM and MM analyzed cell walls by in situ Raman 45 and in situ FTIR, SE created GUS reporter lines, VK analyzed Populus XTH genes and their 46 expression in AspWood, LG and SMM carried out saccharification analyses, AG interpreted 47 53 Chemistry of Umeå University for the Vibrational Spectroscopy Core Facility, Bio4Energy 54 and TC4F support for Plant Analytical Biopolymer platform, and Vinnova (the Swedish 55 Governmental Agency for Innovation Systems) and KAW (The Knut and Alice Wallenberg 56 Foundation) support for plant growth facility are acknowledged. The research projects were 57 funded by SSF (ValueTree project RBP14-0011), Formas and VR grants to EJM. 58 3 59 60 KEYWORDS 61 Xyloglucan, XET, secondary wall, lignin, secondary xylem, wood development, xylogenesis, 62 microspectroscopy, Raman spectroscopy, FTIR spectroscopy, cell wall integrity sensing 63 64 SIGNIFICANCE STATEMENT 65 Xyloglucan is a ubiquitous component of primary cell walls in all land plants but has not 66 been so far reported in secondary walls. It is metabolized in muro by cell wall-residing 67 enzymes -xyloglucan endotransglycosylases/hydrolases (XTHs), which are reportedly 68 abundant in vascular tissues, but their role in these tissues is unclear. Here we report that two 69 vascular expressed enzymes in Arabidopsis, XTH4 and XTH9 contribute to the secondary 70 xylem cell radial expansion and intrusive elongation in secondary vascular tissues. 71 Unexpectedly, deficiency in their activities highly affect chemistry and ultrastructure of 72 secondary cell walls by non-cell autonomous mechanisms, including transcriptional induction 73 of secondary wall-related biosynthetic genes and cell wall integrity sensors. These results link 74 xyloglucan metabolism with cell wall integrity pathways, shedding new light on previous 75 reports about prominent effects of xyloglucan metabolism on secondary walls. 76 77 ABSTRACT 78
FTIR and Raman data and helped with spectroscopic analyses; JB analyzed XET activity, BS 48 and EJM conceived and coordinated the project, EJM finalized the manuscript with 49 contribution from all authors. abundant hemicellulose present in all lineages of plant species studied till date as well as in 103 green algae (Popper et al., 2011) . In dicotyledons, including Arabidopsis, XG constitutes 104 approx. 20% of dry weight in primary walls, but the mature secondary walls have not been 105 reported to contain XG (Scheller and Ulvskov, 2010) . 106 XG backbone is made up of β-(1,4)-linked glucose substituted with α-(1,6)-linked xylose 107 (Xyl), which can be further decorated with β-(1,2) galactose (Gal) residues with or without 108 substitution by α-(1,2) fucose (Fuc) (reviewed by Pauly and Keegstra, 2016) . Acetyl groups glycosidic linkage is re-formed (Eklöf and Brumer, 2010) . Few XTH members are able to use 137 other than XG or H 2 O acceptors, including mixed-link glucan (Hrmova et al., 2007; Simmons 138 et al., 2015, Simmons and Fry, 2017) , or use amorphous cellulose as acceptor and donor 139 (Shinohara et al., 2017) . 140 XETs are thought to regulate cell wall plasticity along with expansins and pectin-digesting 141 enzymes but the molecular action of their activity in cell walls is not fully understood (Van 142 Sandt et al., 2007; Park and Cosgrove, 2015) . XET activity has been demonstrated to 143 incorporate the fluorescently labeled XGOs to a fraction aligned with cellulose microfibrils, 144 possibly by transglycosylation of the XG loose ends or cross-links, thus probably resulting in 145 wall loosening, as well as to a cell wall fraction inaccessible to the XG degrading enzymes 146 (Vissenberg et al., 2005a) . The latter could possibly constitute the biomechanical hot-spots 147 and XET activity would then contribute to wall strengthening. Analysis of several xth 148 mutants revealed reduced cell sizes (Osato et al., 2006; Liu et al., 2007; Sasidharan et al., 149 2010; Ohba, et al., 2011) , whereas the overexpression or exogenous application of XET 150 proteins either stimulated (Shin et al., 2006; Ohba et al., 2011; Miedes et al., 2013) XETs are known to be highly expressed, both in primary (Xu et al., 1995; Antosiewicz et al., 155 1997; Oh et al., 1998; Dimmer et al., 2004; Vissenberg et al., 2005b; Jiménez et al., 2006; 156 Hara et al., 2014) , and in secondary (Bourquin et al., 2002; Nishikubo et al., 2007; Goulao et 157 al., 2011) vascular tissues, but their roles in these tissues are not fully understood. Only one 158 gene, AtXTH27, has been functionally characterized in vascular tissues and shown to affect 159 tracheary element development in minor veins of rosette leaves, and proposed to mediate XG 160 degradation in these cells (Matsui et al., 2005) . In aspen, PtxtXTH34 protein and XET 161 activity were highly expressed in developing xylem fibers, coinciding with CCRC-M1 162 antibody (recognizing the terminal Fuc of XG) signals (Puhlmann et al., 1994) , and 163 suggesting a deposition of XG to primary wall layers (compound middle lamella) through the 164 developing secondary cell wall layers (Bourquin et al., 2002; Nishikubo et al., 2011) . In 165 support of this hypothesis, several genes similar to XG xylosyl transferases were found 166 expressed during secondary wall formation (Sundell et al., 2017) raising a possibility of 167 continuous XG deposition and XTH function in this process. Indeed, the overexpression of 168 PtxtXTH34 resulted in more CCRC-M1 signals in the compound middle lamella and more 169 cell wall-tightly bound XG at early stages of secondary xylem cell differentiation. But the 170 later stages of xylogenesis did not show increased XG anymore and the role of such induced XG deposition in xylem cells remained elusive. 172 To address the role of XTH genes during secondary xylem development, we analyzed 173 patterns of XTH gene family expression in developing wood, using the AspWood database 174 (Sundell et al., 2017) . For functional analyses, we selected two Arabidopsis genes, AtXTH4 175 and AtXTH9, similar to abundant aspen XTH transcripts exhibiting the most frequently 176 observed expression pattern and tested if these two genes are involved in xylem cell 177 expansion, or in other aspects of xylem cell differentiation. Mutant analysis revealed that 178 AtXTH4 and AtXTH9 do not only regulate xylem cell expansion, but also influence several 179 characteristics of secondary growth, including secondary xylem production and secondary 180 wall deposition. The deficiency in these two genes was additive for some traits, suggesting 181 their partially redundant or additive roles for those traits, while it was unique or even 182 opposite for other traits. The upregulation of several cell wall integrity-related genes in these 183 xth mutants and their non-cell autonomous effects suggest that some of them are induced by 184 the cell wall integrity signaling. The analyses indicate new and diverse roles for XTH genes 185 in secondary xylem cell differentiation. AspWood and the majority belonged to cluster 'e' (Figure S1) , which groups genes with 196 peak expression in the cambium and radial expansion zone, coinciding with the peak of XET 197 activity (Bourquin et al., 2002) . The subclade of PtXTH34 (also known as PtXET16A) and the 198 subclade of PtXTH35 include the most highly expressed genes of this cluster, with 199 documented (Kallas et al., 2005) and predicted (Bauman et al., 2007) XET activity, 200 respectively. Arabidopsis AtXTH4 and AtXTH9 genes known to be highly expressed in stems 201 and seedlings (Yokoyama and Nishitani, 2001) , similar to PtXTH34 and PtXTH35, 202 respectively, were selected (Figure 1 A) for functional studies during secondary growth. 203 Promoters of AtXTH4 and AtXTH9 were active in developing secondary vascular tissues in 204 secondarily thickened hypocotyls and basal stems, where secondary growth occurs. The 205 signals were observed in the vascular cambium, and adjacent developing secondary xylem 206 and phloem, but not in the interfascicular fibers (Figures 1 C-J) . This pattern matches the 207 expression of their homologous clades in aspen (Figure 1 B) , supporting their conserved 208 functions in secondary growth in the two species. (Figure 2 B) . Small impact of the single mutations and overexpression on activity 226 in the protein extract was not surprising considering that many other XTH family genes could 227 be contributing to the measured activity, and that xth9 mutantion was conditionally leaky, and 228 AtXTH4 and AtXTH9 exhibited compensatory reciprocal transcript activation in single mutant 229 background (Figure 2A) . Despite the modest changes in XET activity of extracts, the lines 230 exhibited clearly detectable phenotypical changes as compared to WT. Stem height was 231 stimulated in both single and in double mutants, as well as in overexpressing plants (Figure 2 232 C). Second, there were clear changes in cell wall XG signals from the monoclonal antibody 233 CCRC-M1 in the cambium region tissues, as detected by immunofluorescence. The signals 234 were decreased in the OE18 line and increased in xth9 mutant in stem and hypocotyl sections, 235 and to a small degree increased in the double mutant xth4x9 in the hypocotyl and in xth4 236 mutant in the stem (Figure 2D ), suggesting that XET activity either affects the amount of 237 primary walled tissues or the content of XG epitopes in these tissues, with defects in AtXTH4 238 and AtXTH9 being non-additive.
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AtXTH4 and AtXTH9 mediate xylem cell expansion and inhibit secondary xylem 241 production 242 We have previously reported that overexpression of PtxtXTH34 in hybrid aspen increased 243 vessel diameter (Nishikubo et al. 2011) . To study the role of AtXTH4 and AtXTH9 in xylem 244 cell expansion, the sizes of secondary xylem cells were measured in hypocotyls of 6 weeks 245 old xth4, xth9 and xth4x9 mutants and OE18 plants. Vessel element diameter was reduced in 246 the mutants, and increased in OE18 ( Figure 3A) . Vessels element length was also reduced in 247 all three mutants, and the reduction was primarily caused by the shorted tails. This is 248 interesting, since the length of tails partially depend on the placement of the perforation plate 249 and partially on the tail intrusive growth. Therefore, we have analyzed the length of fibers 250 that uniquely elongate by intrusive growth and found reductions in all three mutants but no 251 marked effect was observed in OE line. This suggests that both genes, AtXTH4 and AtXTH9, 252 are positively regulating intrusive xylem cell elongation and vessel expansion. To our 253 knowledge, this is the first report implicating XET in intrusive growth. Fiber diameters, 254 which enlarge by symplastic expansion, were not consistently affected by XET activity, 255 being enlarged in both the OE18 line and in the double mutant (Figure 3 A) . 256 12 Anatomy of secondarily thickened hypocotyls revealed changes in xylem radius; it was 257 stimulated in the mutants and inhibited in the OE18 line (Figure 3 B, C) . The radius reflects 258 the number of cells in radial files and their diameters. Since in Arabidopsis hypocotyl, vessels 259 tend to be arranged in radial files, some of which extend from the cambium to the pith 260 (Figure 3 B) , and the diameters of vessel elements were decreased in the mutants and 261 increased in the OE18 line, it can be concluded that the number of xylem cells per radial file 262 must have been increased in the mutants and decreased in the OE plants. This implicates 263 XET in negative control of periclinal cell division in xylem mother cells. This conclusion is 264 13 further supported by the reduced ratio of secondary xylem diameter to total stem diameter in 265 OE plants (Figure 3 C) . 266 Moreover, the secondary xylem development was affected in the analyzed genotypes. 267 Secondary xylem development is known to have two distinct growth phases; the early phase, 268 when only vessel elements and primary walled parenchyma cells are produced (xylem I), and 269 the later stage, when the differentiation of secondary walled fibers occurs (xylem II). The 270 ratio of xylem II to total xylem was reduced in both mutants and OE plants compared to WT, 271 with the strongest reduction (by 45%) observed in the OE18 line (Figure 3 B To test if XET has any influence on xylem cell wall ultrastructure, we studied secondarily 277 thickened hypocotyls and stem bases by transmission electron microscopy (TEM). In the 278 woody plants, the secondary wall typically includes three layers, S1, S2, and S3, which can 279 be observed by TEM (Mellerowicz et al., 2001) . Similar ultrastructure was reported for A. 280 thaliana interfascicular fibers (Zhong and Ye, 2015) . We have also observed mostly three 281 partite secondary walls in WT A. thaliana plants, in the fibers and vessel elements of stems 282 and hypocotyls as well as in the interfascicular fibers (Figures 4 A, B ; S2-S4). Unexpectedly, 283 the XET modified plants exhibited severe alternations in the number of secondary cell wall 284 layers in these cell types. In all types of fibers (hypocotyl secondary xylem fibers, stem 285 fascicular fibers, and stem interfascicular fibers), typically only two secondary wall layers 286 were observed in xth4 mutant, whereas many more layers than three (up to eleven) were 287 present in xth9 mutant (Figures 4 A, B; S2 ). In the double mutant xth4x9, the number of Pyrolysis-MS analysis detected substantial increases in lignin (total -by up to 53%, G -by 303 up to 58%, and S -by up to 117%) in all three mutants, with most prominent effects in the 304 double mutant xth4x9, whereas no difference compared to WT was found in overexpressing 305 plants (Figure 5 A) . Consequently there was a significant increase in S/G ratio in all mutants, 306 the most prominent in the xth9 (by 43%). Concomitantly, significant decreases in 307 carbohydrate to lignin ratios were evident in all mutants by up to -40% in xth4x9. 308 Acetyl bromide soluble (ABS) lignin content was determined in AIR1 directly, as well as 309 after the amylase treatment (AIR2). ABS lignin was substantially increased in AIR1 in all the 310 mutants (by up to 79% in xth9) while it was unaffected in the OE line, in agreement with 311 pyrolysis-MS results (Figure 5 B) . However, lignin amounts in the de-starched samples 312 increased only in xth4 and xth4x9 mutants, but not in xth9, which was most affected in the 313 AIR1 fraction. This indicates that the xth9 mutant either contained less starch in AIR1 than 314 other lines (contributing to artefactually high ABS lignin content when expressed per AIR1 315 weight), or that the lignin induced by xth9 mutation is vulnerable to amylase treatment (for 316 example by containing relatively more water soluble components). 317 Crystalline cellulose content in the amylase treated alcohol insoluble residue (AIR2) was 318 increased in the double mutant (by 89%), and to a lesser degree in the single mutants (by 319 57% in xth4 and 17% in xth9) (Figure 5 C) . Interestingly, the OE18 line also had higher basal stems of double mutant and the OE18 line, the former having more secondary walls, 328 and the latter more primary walls than the wild type. 329 To reveal other changes in cell walls, diffuse reflectance Fourier-transform infrared (FTIR) 330 spectra of AIR1 were compared among the genotypes revealing clear differences (Figures 5 331 E, S5). The most affected peak was 1660 cm -1 , where signals were substantially reduced in 332 the xth mutants, with the largest decrease in xth4x9, a larger decrease in xth9 than in xth4, and 333 significant increase in OE18. The 1660 cm -1 band corresponds to the amide I vibration of 334 proteins and as such can be connected to XET proteins covalently attached to XG in cell wall. 335 The proteinic origin of this band was confirmed by similar trends observed for the 1540 cm -1 336 band (amide II). Bands associated to aromatic -C=C-skeletal vibrations (ca. 1510 and 1595 337 cm -1 ), which are typically interpreted as lignin signals, were also affected, but these bands 338 overlap with the amide bands. Thus, they are highly susceptible to strong changes in the 339 amide bands observed in the mutants and OE plants. This interpretation is consistent with the 340 wet chemistry data obtained from the same material (Figure 5 A, B) . The mutants also 341 showed a significant increase in bands traditionally associated to polysaccharidic compounds 342 (e.g. carbohydrate ring vibrations between 980-1100 cm -1 , -C-O-C-asymmetrical stretch at 343 1160 cm -1 , and diverse -C-H related vibrations at 1320 and 1420 cm -1 ), indicating a higher interfascicular fibers, which are the two cell types highly contributing secondary cell wall 361 18 material in the basal inflorescence stem. In addition, we have analyzed xylem fibers in 362 hypocotyls to verify if similar changes are induced in this organ. 363 In situ FTIR spectra of either stem or hypocotyl fiber walls did not reveal difference in xth4 364 compared to WT (Figure S6 A-D) . In contrast, xth9 mutant showed differences in signal 365 intensities of several bands, notably there was an increase in the 1510 cm -1 , and a decrease in 366 the 1320 cm -1 signals in both analysed organs. The increased intensity of the 1510 cm -1 band, 367 which was also seen in hypocotyl in the double mutant, and which was observed in xth9 368 compared to xth4, could be related to a more cross-linked form of lignin (Faix, 1991) . Several To obtain more support for the chemical changes in cell walls of mature fibers, we carried out 383 in situ Raman microspectroscopy, which provides a higher spatial resolution and spectra with 384 narrower bands and significantly reduced contribution from hemicelluloses and pectins 385 compared to FTIR spectroscopy. The spectra of interfascicular fibers, where neither AtXTH4 386 nor AtXTH9 were expressed, and fascicular fibers, where both these genes were found 387 expressed (Figure 1 C-J) , were taken separately to address the question of cell-autonomous 388 versus non-cell autonomous effects. Pairwise comparisons by cell type, between each 389 genotype and WT, revealed significant differences among genotypes (Figure S7, A-D) . 390 Considering only the differences between genotypes that were consistent between at least two 391 cell types, we noted higher signals in xth4 compared to WT from several bands 392 corresponding to lignin, such as 595 cm -1 , 845 cm -1 , and 1270 cm -1 or xylan and lignin -1250 393 19 cm -1 (Figure 6 A, B) . In contrast, bands corresponding to cellulose were reduced in fiber cell 394 walls in this genotype (900, 970 and 1000 cm -1 ) together with bands corresponding to non-395 cellulosic polysaccharides, cellulose or lignin (1330, 1365, and 1390 cm -1 ). Several of these 396 20 bands also appeared similarly affected in other mutants, but only in one tissue type. Higher 397 signals were observed in the xth9 mutant compared to WT for signals around 1215 cm -1 , 398 corresponding to xylan and lignin, and at 1505 cm -1 , corresponding to aromatics (lignin). 399 These bands showed increased intensities in xth9 than xth4 but only in one of the studied (Figure 7 B ) 413 identified these features as bands at 900, 1040, 1150, 1330, 1460, and 1505 cm -1 , correlated 414 with the high layer number, and bands at 1270 and 1565-1570 cm -1 , correlated to low number 415 of layers. The band at 900 cm -1 (correlated to high numbers of cell wall layers) can be found 416 in the spectra of all major polysaccharidic polymers, with cellulose and hemicellulose among 417 the most common associations (Gierlinger, 2018) . The band at 1040 cm -1 is located firmly in 418 the region that is dominated by carbohydrate ring vibrations often used to assess their 419 proportions (Gierlinger, 2018) . The band at 1150 cm -1 is usually attributed to -C-O-C-420 vibrations but it is rather unspecific, being present in both polysaccharidic but also lignin 421 polymers. The bands at 1330 and 1505 cm -1 , on the other hand, while also correlated to high 422 number of layers, have been assigned to different lignins (Gierlinger, 2018) . The band at 423 1460 cm -1 (correlated to high numbers of cell wall layers) is attributed to -C-H, and the one at To test if the reported changes in secondary walls in xth mutants and OE plants were induced 437 indirectly by activation of biosynthetic and signaling pathways, we analyzed transcripts of 438 selected sets of genes related to secondary wall biosynthesis and to cell wall integrity sensing 439 pathways in the basal part of inflorescence stems. 440 Among the genes representing six enzymatic activities essential for monolignol biosynthesis, 441 we detected strong upregulation in the xth mutants in genes of the early pathway, (Figure 8 A) . PAL1, PAL4, C3H and F5H were especially highly upregulated in xth9 447 mutant. The upregulation of these monolignol biosynthetic genes could explain increase in 448 lignin content in the mutants and a distinct lignin composition in xth9 detected by pyrolysis 449 and wet chemistry analyses (Figure 5 A) . The OE plants, on the other hand, exhibited many 450 lignin biosynthesis genes downregulated, including PAL2, PAL4, CINNAMATE 4-451 HYDROLASE (C4H), 4CL, C3H and F5H. 452 The genes encoding cellulose synthase complex proteins such as secondary wall CESAs 453 (CESA4, CESA7 and CESA8), KORRIGAN1 (KOR1), and CELLULOSE SYNTHASE 454 INTERACTING1 (CSI1) were greatly upregulated in xth9 and xth4x9 mutants, and in the 455 latter case, also in xth4 mutant (Figure 8 B) ) was downregulated in all mutants and OE plants. 466 One way these changes in biosynthetic secondary wall related genes could be induced is by 467 the triggering of the cell wall integrity pathway. We found several key players in cell wall 468 integrity sensing affected in the mutants and OE plants. Notably, the genes encoding plasma (Figure 8 E) . Among tested WAKs, WAK1 and WAK2 were 474 24 upregulated in all mutants and WAK2 was also upregulated in OE line. FEI1 and FEI2 were 475 upregulated in all mutants, and FEI1 was upregulated in OE plants. These data indicate the 476 stimulation of cell wall integrity pathways in the basal part of inflorescence stems by altered 477 XET expression. 478 Moreover, since the cell wall integrity sensors eventually would need to affect global master 479 regulatory switchers to affect vascular development seen in the mutants and OE plants 480 (Figure 3) , we tested one of such switchers, ERECTA, which is known as negative regulator 481 of xylem II differentiation in hypocotyls (Ikematsu et al., 2017) , and its putative co-receptor 482 BAK1 (Jorda et al., 2016) . We found both ERECTA and BAK1 upregulated in hypocotyls of 483 OE plants and in xth9 and xth4x9 mutants (Figure 8D) . This can provide a direct explanation 484 of the suppressed xylem II differentiation in these plants. and were hypothesized to mediate both cell expansion and cell wall development in these 493 tissues since over two decades (Xu et al., 1995; Antosiewicz et al., 1997; Oh et al., 1998; 494 Bourquin et al., 2002; Dimmer et al., 2004; Jiménez et al., 2006) . However, data from 495 overexpression or from knock-out/suppression studies demonstrating the aspects of vascular AtXTH4 and AtXTH9 not only on vessel element radial expansion, but also on tail elongation, 511 and fiber intrusive tip growth (Figure 3 A) . Fiber diameter growth, similar to vessel element 512 radial expansion, was stimulated by XET overexpression, but in contrast to vessel elements, 513 it was also increased in the fibers of xth9 and xth4x9 mutants. Since vessel elements develop 514 precociously relative to fibers (Mellerowicz et al., 2001) , it is likely that narrower vessels in 515 the xth9 and xth4x9 mutants create more room for fiber radial expansion. 516 Whereas the role of XET in cell wall expansion by diffuse growth has been supported by 517 many observations (Vissenberg et al., 2000; Osato et al., 2006; Shin et al., 2006; Liu et al., 518 2007; Ohba et al., 2011; Miedes et al., 2013) , the role of these enzymes in the tip growth and 519 26 intrusive growth has not yet been clarified. Whereas in some species, including Arabidopsis, 520 XET activity and expression of some XTH genes has been observed in elongating by tip 521 growth root hairs (Vissenberg et al., 2003; 2005b) , no defects in root hair elongation have not 522 been so far reported for any XTH mutants, possibly due to redundancy. Our results for xth4 523 and xth9 mutants provide evidence for their involvement in tip growth of fibers and vessel (Figure 5 A-C) . This was supported by an 534 increase in the expression of genes involved in secondary wall biosynthesis (Figure 8 A-C) . 535 In the OE plants, on the other hand, changes in matrix polysaccharides suggested decreased 536 xylan and increased pectins in this genotype (Figure 5 D) , pointing to the overall decreased 537 contribution of secondary walls. Consistently, several lignin biosynthetic genes appeared 538 downregulated (Figure 8 A) , suggesting an overall decreased lignification in the basal stem 539 tissues. Curiously, the effects on secondary cell wall thickness were opposite: the fiber wall 540 thickness was reduced in the xth mutants and increased in the OE plants (Figures 4 C) . Thus, 541 the stimulation of secondary wall biosynthesis in xth mutants, evident from bulk chemical 542 analyses and gene expression, must have occurred at the whole tissue level by the 543 upregulation of the number of cells with secondary cell walls, rather than by stimulation of 544 secondary wall thickening. This interpretation of the data concerning the stem bases is 545 supported by direct observations in hypocotyls, where the production of secondary xylem 546 was induced in the mutants (Figure 3 B) , with simultaneous suppression of the secondary 547 wall thickness (Figures 4 C; S4 B) . Thus, the effects of XET on secondary xylem production 548 and thickening of secondary walls are independent. This conclusion is in agreement with the 549 current models of independent regulation of meristematic activity leading to xylem 550 production, and secondary wall thickening activity of differentiating xylem cells 551 (Ramachandran et al., 2017) . AtXTH4 and AtXTH9 deficiency can inhibit secondary wall 552 27 thickening non-cell autonomously, i.e. outside of their expression range, and the effects are 553 apparently additive for the two genes (Figure 4 C) . 554 555 xth4 and xth9 mutants display opposite changes in secondary wall layers 556 Secondary wall layering defects seen in xth mutants and OE plants are the most striking 557 phenotypes reported in this study (Figures 4, S2-S4) . These defects were evident in all cells 558 with secondary walls, but were most apparent in the interfascicular fibers, where neither 559 AtXTH4 or AtXTH9 was expressed. This indicates that the secondary wall layering is induced AtXTH9 enzymatic properties, which are currently unknown, or to differences in expression 569 pattern in developing xylem cells as seen for their aspen orthologs (Figure 1 B) . Differential these changes may be due to overall secondary wall induction in the stems of mutants, as they 580 paralleled expression of secondary wall CesAs (Figure 8 B, C) . There are other reports 581 suggesting a possible coupling between XTHs or XG, cortical microtubules and cellulose 582 biosynthesis (Takeda et al., 2002; Sasidharan et al., 2014; Xiao et al., 2016; Armezzani et al., 583 2018), but it is unclear how this coupling mechanistically occurs.
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The secondary wall layering deffects were observed in different plants species when 585 cinnamoyl-CoA reductase (CCR) was downregulated (Ruel et al., 2002; Leplé et al., 2007) . (Figures 6; S6) , whereas the wet chemistry analyses (Figure 5 A, B) and gene expression 590 data (Figure 8 A) revealed distinct changes in xth9 mutants in lignin quality and biosynthesis 591 compared to xth4. This could be a basis of opposite wall layering phenotypes in these 592 mutants. The more direct proof of distinct chemistries in secondary walls in these mutants 593 comes from the models correlating cell wall numbers and chemistry based on in situ Raman 594 signals (Figure 7) , which indicated changes both in polysaccharidic compounds (e.g. (Xu et al., 1995; Lee et al., 2005; Martin et al., 2014) , gravitropism 603 (Cui et al., 2005) , and tension wood formation (Nishikubo et al., 2007; Baba et al., 2009; 604 Kaku et al., 2009; Gerttula et al., 2015) . XET activity conceivably could be involved in these 605 responses by generating signaling XG-oligosaccharides (XGO) although their mode of action 606 is poorly understood (York et al., 1984; McDougall and Fry, 1988; 1989; Kaida et al., 2010;  607 González-Pérez et al., 2012 , 2014 . XET could also be involved in these processes by kinases, including THE1 and WAK2, known to mediate cell wall integrity sensing observed in 618 xth9, xth4, and xth4x9 mutants as well as in XET OE plants strongly supports the modulation 619 of the signaling via a cell wall integrity sensing pathway in these genotypes (Figure 8E) . 620 Upregulation of some of these receptors, for example WAK2, in both, mutants and OE 621 plants, could provide explanation how XET deficiency and excess could lead to similar 622 phenotypes such as stem height stimulation (Figure 2C) , hypocotyl xylem II to total xylem 623 ratio (Figure 3B, C) and others observed in this study. Moreover, the upregulation of 624 ERECTA and BAK1 in hypocotyls (Figure 8D) could provide direct explanation for the 625 observed reduction in xylem II (Figure 3 B,C) . Although the signaling cascades involving 626 these different receptor like kinases are currently not known, clearly the cell wall integrity 627 signaling could be responsible for many XET effects that are indirect and non-cell 628 autonomous as well as those involving microtubule network modulation. 629 630 XET as a target for biomass improvement 631 Considering the extensive effects of XET on secondary growth revealed by this study, XETs 632 may become targets for woody biomass improvement. In support, our analysis demonstrated 633 15% gains compared to wild type in sugar production in xth9 mutants (Figure 5 F) , which 634 also exhibited over 50 % growth increase (Figure 2 C) . Our data with Arabidopsis XET-635 modified genotypes indicate that several wood traits are affected by XET. Indeed, Wang and 636 Zhang (2014) identified single nucleotide polymorphisms in PtoXTH34 in P. tomentosa 637 associated with lignin content, stem volume, and MFA, which explained up to 11.0% of the 638 phenotypic variance. Our data in Arabidopsis suggest causality behind these associations. 639 The results with XET affected plants indicate that other manipulation of XG metabolism 640 could lead to strong effects on wood properties. This conclusion is supported by studies with 641 the constitutive overexpression of Aspergillus aculeatus XYLOGLUCANASE 2 (AaXEG2) in XET-activity by radiometric tritium assay 685 Stems and hypocotyls of three 6-week-old plants were ground in dry ice and then added to 686 0.5 M NaCl (0.5 mg tissue/1 µL salt). The slurry was centrifuged at 5000xg for 5 minutes at 687 4ºC and supernatants were analyzed for XET activity using radiometric assay (Fry et al., 688 1992) . 10 µL of each extract were incubated for 2 h at room temperature in a volume of 40 689 µL of reaction mixture containing 50 mM MES-Na, pH 6.0, 1.4 kBq tritium labelled 690 XLLGol, and 2 mg/ml XG. The reaction was stopped by adding 100 µL of 20% formic acid. 691 The resulting 140 µL mixture was spotted onto 5 cm x 5 cm piece of 3M paper and allowed 692 to air dry overnight. The 3M paper was washed with running water at ~45 degree angle for 2 693 h and air dried. The scintillation was carried out with 2 ml scintillant in a Tri-Carb 2100 694 liquid scintillation analyzer. Five biological replicates (pools of three plants) were used for 695 each line. cm long segments were collected and pooled to make one biological replicate. They were 742 immediately frozen in liquid N 2 , freeze-dried for 36 h and ball milled to fine powder in 743 stainless steel jars with one 12 mm grinding ball at 30 Hz for 2 min, using an MM400 bead 744 34 mill (Retsch). The alcohol insoluble residue (AIR1) was prepared from wood powder as 745 described earlier and analyzed by pyrolysis GC/MS and FT-IR spectroscopy (Gandla et al., 746 2015) . AIR1 material was destarched to obrain AIR2, and used for determination of mono-747 sugar composition after methanolysis and trimethylsilyl/TMS derivatization, and cellulose 748 content (Gandla et al., 2015) . AIR1 and AIR2 fractions were used to analyze lignin content 749 (Foster et al., 2010) . for the three tissues. The spectral bands with more than 50% correlation levels (red dashed 920 lines) are marked by band numbers. Bands at 900 cm -1 , 1040 cm -1 , 1150 cm -1 , 1330 cm -1 , 921 1460 cm -1 , 1505 cm -1 are proportionally more intensive when there are more cell wall layers, 922 whereas bands at 1270 cm -1 and a shoulder 1565-1570 cm -1 are proportionally more intensive 
